However, the existence of consensus sequences adsites by examining the context of introns inserted jacent to the splice sites does not necessarily imply that within codons that encode amino acids conserved in introns insert into protosplice sites. Indeed, the consenall eukaryotes and accordingly are not subject to sesus sequences might have evolved convergently after lection for splicing efficiency. We show that introns are the insertion of introns. The protosplice hypothesis was either predominantly inserted into specific protosplice additionally challenged on independent grounds. Insites, which have the consensus sequence (A/C)AG|Gt, trons occur in three phases, which are defined as the or that they are inserted randomly but are preferenposition of the intron within or between codons: introns tially fixed at such sites. of phase 0, 1, and 2 are located between two codons, after the first position in a codon and after the second Results and Discussion position, respectively. In all analyzed genomes, there is a significant excess of phase 0 introns over those in the Most of the eukaryotic protein-coding genes are interother two phases [9, 15, 16]. However, it has been shown rupted by multiple introns that are spliced out at the that the protosplice site model does not yield the obdonor and acceptor splice sites. This process is mediserved over-representation of phase 0 introns under the ated by an elaborate molecular machine, the spliceoassumption that introns are inserted randomly into the some, which consists of small nuclear ribonucleoprotein protosplice sites [17, 18]. particles (snRNP) and heterogeneous nuclear ribonucleoWe reasoned that analysis of the flanking sequences protein particles (hnRNPs) and is conserved throughout of introns inserted into codons encoding amino acids the eukaryotic world [1, 2]. The U1 snRNP is primarily that are invariant in orthologous proteins from all eukaryresponsible for the recognition of the donor splice site, otes provides for a direct test of the protosplice hypothewhereas the U5 snRNP is critical for the recognition sis. The invariant amino acid residues can be confidently of the acceptor site. During splicing, the spliceosome inferred to have been present in the last common ancesneeds to establish interactions with specific parts of tor of eukaryotes (or at least the crown group) and to the intron and flanking exons to ensure accurate and be subject to strong purifying selection. Therefore, in efficient splicing. The nucleotides at the intron termini these codons, the nucleotides replacement of which and the adjacent nucleotides in the exons are involved leads to an amino acid substitution are "frozen" and in these interactions and comprise the splicing signal. refractory to selection for splice signal efficiency. It The (A/C)AG|GU(A/G)AGU consensus sequence (the should be noted that this approach is not predicated on the assumption that presence of an intron in the same position in orthologous genes results from a single *Correspondence: koonin@ncbi.nlm.nih.gov
Figure 1. Normalized Observed/Expected Ratios for Conserved Amino Acids Associated with Introns of Different Phases
For each amino acid in each of the four phases, the normalized frequency calculated using Equation (1) is shown. "Phase 0aa" and "Phase aa0" denote phase 0 introns located, respectively, immediately upstream and immediately downstream of a conserved amino acid.
insertion event. The conclusions will not change subcine codons G|GN (Table 1 ). In contrast, phase 2 introns were found largely within arginine codons (AG|N,CG|R), stantially even if some of the introns occupying the same position were inserted independently on separate occawhereas phase 0 introns were most often preceded by lysine (AAR|) and succeeded by either valine (|GTN) or sions as suggested by some recent studies [19, 20] .
Examination of intron insertions in codons for invariant glycine (|GGN) ( Figure 1 and Table 1 ). Analysis of the flanking nucleotides of introns inserted amino acids from 684 alignments of orthologous sets of eukaryotic proteins that are conserved in eight diverse into invariant amino acid codons allows us to "see" the nucleotide context of intron insertion or possibly the genomes [9] (see Experimental Procedures) revealed a strongly nonuniform distribution of amino acids concontext of the initial fixation of inserted introns unmarred by effects of subsequent selection. The results of this taining introns; this is sharply distinct from the overall distribution of invariant residues (Figure 1 ). Each intron analysis prove the existence of protosplice sites and validate the protosplice site hypothesis of Dibb and cophase had a specific set of over-represented conserved amino acids (Table 1) . Predictably, this effect was espeworkers [10, 11, 14]. They are also in agreement with our previous observation that the exonic flanks of splice cially pronounced for phase 1 where 71% of the introns were located between the first two nucleotides of glyjunctions of relatively new, lineage-specific introns con- . Protosplice sites could be preferred targets for intron interpreted as evidence of information flow from exons to introns during intron evolution, which is compatible insertion. Alternatively, it is conceivable that introns are inserted into random sites but are preferentially fixed in with the view that introns start off in well-defined protosplice sites. These sites are subject to modification unthe protosplice sites, because these sequences promote efficient splicing and consequently intron insertion der selective pressure to the extent allowed by the constraints operating at the protein level; in this work, into these sites has a relatively low adverse fitness impact. There is, at present, no data on context preferhowever, we dealt with protosplice sites "frozen" by the latter type of constraints.
ences of intron insertion; in contrast, it is well known that the exonic nucleotides adjacent to the splice juncUsing only the data on nucleotides considered refractory to splicing-related selection, because the respections are involved in splicing [3] [4] [5] . Thus, the view of protosplice sites as sequences of preferential initial fixative mutation would lead to substitution of an invariant amino acid (Figure 2A 
